Background: Ambient fine particulate matter is a rising concern for global public health. It was recently suggested that exposure to fine particulate matter may contribute to the development of diabetes and dyslipidaemia. This study aims to examine the potential associations of ambient particulate matter exposure with changes in fasting glucose and lipid profiles in Koreans. Method: We used the data from the National Health Insurance Service-National Sample Cohort (NHIS-NSC), a nationwide database representative of the Korean population. A total of 85,869 individuals aged ≥20 years were included. Multiple regression analyses were conducted to assess the associations between exposure to particulate matter and changes in fasting glucose and lipid profiles at 2-year intervals after adjusting for confounders. Results: Significant associations were observed between an increase in interquartile range for particulate matter < 2.5 μm in diameter (PM 2.5 ) and elevated levels of fasting glucose and low-density lipoprotein cholesterol (p for trend = 0.015 and 0.010, respectively), while no association for particulate matter sized 2.5-10 μm in diameter (PM 10-2.5 ) was noted after adjusting for the other covariates. Sub-group analyses showed stronger associations in individuals who were older (≥60 years) or physically inactive. Conclusions: Fine particulate matter exposure affects worsening fasting glucose and low-density lipoprotein cholesterol levels, with no evidence of an association for coarse particulate matter.
Précis
Fine particulate matter exposure affects to worsen fasting glucose and low-density lipoprotein cholesterol levels, with stronger associations in individuals who were older or physically inactive.
Background
Cardiovascular disease and diabetes have become the major causes of mortality and public health concerns around the world. It is estimated that approximately 20 million people die of these diseases annually [1] . Similarly, these diseases accounted for approximately 24.3% of the causes of death among the Korean population in 2016, and the rates of morbidity and mortality related to these diseases are continuously increasing [2, 3] . Accordingly, there have been various studies and approaches to identify or manage them in Korea, as well as worldwide.
Several countries, including South Korea, that experienced industrialization and urbanization in recent decades have aggravated atmospheric quality and air pollution. These conditions have raised concern regarding the leading risk factors for the global burden of diseases [4, 5] . Ambient particulate matter (PM) air pollution accounted for approximately 7.5% of deaths and was the sixth highest factor contributing to disability-adjusted life years in 2016 [1] . PM refers to a widespread air pollutant consisting of a mixture of variable particles, including sulfates, nitrates, organic materials, particle-bound water, metals, or even biological components suspended in the air [6] . Its ambient exposure is ubiquitous and involuntary, affecting large populations. Several studies on the health effects of PM air pollution have been actively conducted in many countries. PM exposure is well known for its detrimental effects on the cardiovascular and respiratory systems and total mortality [5, 7, 8] . Some epidemiological studies have recently suggested that exposure to ambient PM may contribute to harmful health effects on metabolic systems, such as increased risks of hyperglycaemia and dyslipidaemia [9, 10] , which are known as wellestablished cardiometabolic risks with strong evidence for developing diabetes and cardiovascular events [11] .
However, limited studies have focused on the relationship of PM exposure with hyperglycaemia and dyslipidaemia, with most being conducted as cross-sectional designs for short-term periods among relatively few participants. Furthermore, to the best of our knowledge, few studies have explored the effects of PM concentrations on individual changes in cardiometabolic risks using a large cohort. Therefore, the aim of this study was to examine the associations between the concentrations of PM exposure and changes in levels of blood glucose and lipid profiles among Korean adults using a nationwide cohort.
Methods

Data source and study population
The National Health Insurance Service-National Sample Cohort (NHIS-NSC) is a nationwide population-based cohort with a substantial volume of information regarding citizens' health examinations and utilization of health insurance among a representative Korean population [12] . The NHIS-NSC database was constructed for research and policy development by the National Health Insurance Service (NHIS). This study is based on data from the NHIS-NSC obtained from 2002 to 2013, which includes participants' sociodemographic variables and health examination results (Project number: NHIS-2018-2-135).
A total of 1,006,481 individuals were randomly selected using a systematic stratified sampling method, maintaining approximately 2.2% of the entire eligible Korean population since 2002, followed-up until 2013 [12] . Of these, 223,491 participants aged < 20 years old were excluded in this study, considering factors influencing children or adolescents' exposure to PM. Children or adolescents' exposure to environmental contaminants, including PM, is expected to be different from adults due to differences in their physiologic characteristics and behavioural patterns [13] . Therefore, this study was designed and conducted to evaluate the health effects of PM exposure in adults. In addition, we excluded 527,082 participants whose data on PM 10 or PM 2.5 levels were not available during the study periods, as this study aimed to provide potential evidence of the size-specific effects of PM exposure by evaluating the adverse effects of both fine and coarse PM on changes in laboratory values. Of the remaining 255,908 participants, we excluded 169,125 participants who did not take two biennial health examinations consecutively during 2010-2013. A total of 85,869 (43,595 men and 42,274 women) individuals were finally analysed after excluding participants who had missing data on the results of health examinations and questionnaires.
Informed consent was obtained for the NHIS-NSC from all participants. This study was approved by the institutional review board of Seoul National University (IRB number: E-1803-045-928).
Assessment of exposure to particulate matter
We obtained atmospheric monitoring data for the daily mean concentrations of hourly measured PM with aerodynamic diameters of ≤10 μm (PM 10 ) and ≤ 2.5 μm (PM 2.5 ) from the National Ambient Air Monitoring Information System in the Ministry of Environment of Korea [14] . The hourly exposure concentrations were measured using the beta-ray absorption method, following the standard reference protocol from the Korean Air Pollutants Emission Service [15] . Based on participants' administrative residential codes, we identified and matched the nearest monitoring site to each residence at the district level. The 2-year average concentrations of each district-specific PM 10 and PM 2.5 exposure for the period of 2010 to 2011, corresponding to 2 years before the follow-up health examination visits between 2012 and 2013, were calculated using their daily mean values at a total of 49 national monitoring sites placed in the residential areas. Daily mean levels of coarse particulate matter (PM 10-2.5 ) were calculated by subtracting the daily mean levels of PM 2.5 from those of PM 10 . For the analysis stratified by quantitative exposure to each PM 10-2.5 and PM 2.5 , their 2-year mean concentrations were classified into four levels using quartiles.
Main outcomes and other variables
Information on participants' sociodemographic characteristics (age, sex, residential area, and income level) and the results of self-reported health questionnaires, physical examinations, and biochemical tests were gathered from the first and second biennial health examinations during the study period.
The main outcomes for this study were changes in the levels of fasting blood glucose (FBG) and lipid profiles 2 years after PM exposure, calculated by subtracting each laboratory value obtained during the first health examination (baseline) from those of the second health examination (follow-up). These blood samples were taken after fasting for at least 12 h.
Data on systolic and diastolic blood pressure, anthropometric indices (height and weight), and health behaviours (smoking status, alcohol consumption, and physical activity) as well as sociodemographic information were collected from the first health examination records as covariates and baseline characteristics of the study population. Body mass index (BMI) was calculated by dividing weight in kilograms by the square of height in metres and categorized as underweight (< 18.5 kg/m 2 ), normal (18.5 to 22.9 kg/m 2 ), overweight (23.0 to 24.9 kg/ m 2 ), or obese (≥25.0 kg/m 2 ) according to the Asia Pacific criteria of the World Health Organization [16] . Based on the responses of the self-reported questionnaire, we classified smoking status into 'never', 'ex-', and 'current' smokers. Drinking habits were categorized by the frequency of alcohol consumption per week. The physically 'active' group was defined as those who engaged in moderate activities for ≥30 min in a day, at least 5 days a week, or in vigorous activities for ≥20 min in a day, at least 3 days a week [17] . The physically 'inactive' group was defined as not meeting these criteria. The status of comorbid diseases for the past 10 years was assessed at baseline with the Charlson comorbidity index (CCI) developed by Quan et al., which has been used broadly in public health research [18] .
Statistical analysis
All analyses were conducted for each estimate of PM 10-2.5 and PM 2.5 concentrations separately, and the participants were categorized into four groups by quartiles of the mean PM levels for the 2 years of the first health examination period. To compare between-group characteristics of the population, categorical variables were expressed as percentages of the population using Pearson chi-squared tests, while continuous variables were expressed as the means with their standard deviations using analysis of variance (ANOVA). Multiple linear regression analyses were conducted to estimate associations of exposure to PM with changes in FBG and lipid profiles at a 2-year interval after adjusting for potential confounding covariates, including age, sex, smoking status, alcohol consumption, physical activity, BMI, income level, and CCI. The associations were expressed as the adjusted mean differences of the change in laboratory outcome values with 95% confidence interval (95% CI) based on quartiles of PM exposure levels. We also performed stratified analyses based on the following characteristics of the participants at baseline: CCI score (0 versus ≥1); FBG levels (< 126 mg/dL versus ≥126 mg/dL); LDL-C levels (< 160 mg/dL versus ≥160 mg/dL); physical activity (active versus inactive) and age (< 60 years versus ≥60 years) as potential effect modifiers, by examining the interactions of the potential effect modifiers and PM 2.5 exposure separately. To test the stability of the associations, we further conducted sensitivity analyses by excluding participants whose FBG, LDL-C, and blood pressure were equal to or higher than the normal range (FBG ≥ 126 mg/dL, LDL-C ≥ 160 mg/dL, and blood pressure ≥ 140/90 mmHg) in the heath examination at baseline. Additional sensitivity analyses were performed after excluding participants who had different residences from baseline over the study period. Statistical data mining and analyses were conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) and STATA version 15.1 (Stata Corp., TX, USA), and P values of < 0.05 were considered statistically significant.
Results
The mean concentrations of exposure to coarse PM (PM 10-2.5 ) and fine PM (PM 2.5 ) at baseline were 22.81 ± 4.64 μg/m 3 and 25.94 ± 3.56 μg/m 3 , respectively. Of the 85,869 participants, 50.77% were men, and 60.37% were aged 40-64 years. At baseline, each group, according to quartiles of PM 10-2.5 and PM 2.5 , had similar proportions of participants regarding smoking, alcohol consumption, and physical activity status. The sociodemographic and clinical characteristics of the participants according to quartiles of each PM 10-2.5 and PM 2.5 at baseline are presented in Table 1 . We found no significant correlations of the changes in FBG and all the lipid profiles, including total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C), with increases in PM 10-2.5 concentrations at 2year intervals after adjusting for other covariates (P for trend≥0.05 for each of FBG, TC, TG, HDL-C, and LDL-C). When assessing the associations of PM 2.5 exposure and the changes in laboratory values, we observed a positive correlation of elevations of both FBG and LDL-C levels (P for trend = 0.015 and 0.010, respectively) after adjusting for other covariates. However, there was no significant association of an increase in exposure to PM 2.5 with changes in TC, TG, and HDL-C levels (P for trend≥0.05 for TC, TG, and HDL-C). The associations of PM 10-2.5 and PM 2.5 exposure with changes in FBG and lipid profiles are shown in Table 2 .
The results of stratified analyses are presented in Table 3 . Significant modified effects were observed for the physical activity status and age. We found that significant elevations in FBG and LDL-C levels were associated with increments of PM 2.5 exposure in all subgroups, except the groups with FBG ≥126 mg/dL, LDL-C ≥ 160 mg/dL, or physically active groups at baseline. In association with PM 2.5 exposure for age-specific groups, significant changes in FBG and LDL-C levels were found only among groups aged ≥60 years (P for trend = 0.014 and 0.004, respectively). In the sensitivity analyses, no substantial change was observed from the main analysis, and the associations of PM 2.5 exposure with increases in FBG and LDL-C levels remained positive and significant among participants whose FBG, LDL-C, and blood pressure at baseline were within the normal range (P for trend< 0.001 for FBG and 0.028 for LDL-C, respectively). Restricting the analyses to participants who had the same addresses over the study period also showed the significant associations of PM 2.5 exposure with increases in FBG and LDL-C levels (P for trend = 0.006 for FBG and 0.019 for LDL-C, respectively).
Discussion
In this study, we evaluated the associations of exposure to ambient PM 10-2.5 and PM 2.5 with changes in the levels of fasting glucose and lipid profiles at 2-year intervals in a representative Korean population using a nationwide cohort. There was a significant relationship of higher concentrations of ambient PM 2.5 based on an individual's residential district with elevations in FBG and LDL-C levels after 2 years of exposure among the study population. However, no association of PM 10-2.5 levels, as coarse particles, with changes in FBG and lipid profiles was found in this study. To our knowledge, this is the first study to provide direct evidence of the sizespecific effects of PM in Asia by evaluating the adverse metabolic effects of both fine and coarse PM on changes in laboratory values.
Several studies provide strong evidence that shows that increases in ambient PM levels lead to increased incidence rates of metabolic diseases, which include but are not limited to diabetes and dyslipidaemia [19] [20] [21] . Furthermore, another study by Yitshak Sade et al. suggested that increases in the levels of FBG, glycosylated haemoglobin, and LDL-C are associated with increase in PM 10 and PM 2.5 concentrations at 3-month intervals from exposure [22] . Similarly, this study provides strong evidence for elevated FBG and LDL-C levels when exposed to PM 2.5 at 2-year intervals with large-scale demographics. The well-established mechanism of PM-associated metabolic changes in glucose or lipids has not been clarified. Possible explanations for the observed metabolic adverse effects of PM might include systemic inflammation related to activated pro-inflammatory cytokines and subsequent oxidative stress, as well as endothelial dysfunction. A previous epidemiological study of children showed a higher BMI among those who lived in areas with high levels of air pollution, including PM exposure [23] . It was suggested that exposure to PM may affect the deposition of visceral adipose tissue [24, 25] . The impaired lipid metabolism seems to Note: PM 10-2.5 , particulate matter sized 2.5-10 μm in aerodynamic diameter; PM 2.5 , particulate matter with aerodynamic diameter ≤ 2.5 μm; NHIS-NSC National Health Insurance Service-National Sample Cohort, n, number, SD standard deviation, BMI body mass index, BP blood pressure, FBG fasting blood glucose, TC total cholesterol, TG triglycerides, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol, CCI Charlson comorbidity index a Participants were divided into active or inactive group based on the total minutes of each level of physical activities. Active group was specified as performing for ≥30 min in a day at least 5 days a week in moderate activities, or for ≥20 min in a day at least 3 days a week in vigorous activities b Participants were categorized as underweight, normal, overweight, and obese by Asia pacific criteria of World Health Organization be related to oxidative stress and systemic inflammation through pro-inflammatory cytokine release induced by the accumulation and impairment of visceral adipose tissue by PM exposure [10, 26] . Sun et al. suggested endothelial dysfunction as another explanatory mechanism of these PM-associated cardiometabolic changes, which was found in animal models [27] . It may also help explain the development of cardiovascular morbidity, as well as cardiometabolic risks in association with PM exposure [28] . For changes in TC and TG levels, no significant relationship with PM exposure was obtained after adjusting for covariates in this study. Previous studies have suggested that higher concentrations of ambient PM were correlated with lower concentrations and impaired functions of HDL-C, as well as poor health outcomes of TC and TG concentrations [22, [29] [30] [31] . However, their long-term effects could not be identified clearly and were inconsistent regarding the relationship between PM and lipid profiles, as most were conducted during short-term periods. More studies are needed to identify the exposure periods that show metabolic effects and their mechanism in the future. We found no significant relationship between PM 10-2.5 , which comprises more coarse components than PM 2.5 , and changes in FBG and lipid profile levels. This finding suggests that PM may contribute to the development of diabetes and dyslipidaemia at a disproportional intensity between PM 10-2.5 and PM 2.5 . It was well documented that long-term exposure to PM 2.5 exerted more remarkable and negative health effects on morbidity and mortality to some organ systems in humans compared with PM 10 or PM 10-2.5 exposure [32] [33] [34] [35] [36] . However, few studies on the size-specific metabolic effects of PM have been conducted, particularly in Asia. PM 2.5 consists of smaller particles that can more easily penetrate and move into the lungs and vessels and has more pollutants emitted from anthropogenic sources such as traffic, industrial processes, or combustion of fuels than those of PM 10-2.5 [33] . It induces more systemic and harmful health effects on the body with a larger surface and more toxicity compared with PM 10-2.5 . Similarly, our study obtained different results by diameter of PM, indicating a significant association of individual elevation in FBG and lipid levels with higher levels of PM 2.5 in 2 years after exposure. In previous studies, it was suggested that PM 2.5 exposure levels were correlated with changes in insulin sensitivity and systemic inflammation [37, 38] . PM 2.5 may have more evident adverse effects on systemic metabolic regulation than PM 10-2.5 , by inducing impairment of pancreatic β-cell function or aggravation of insulin resistance and metabolic dysregulation, particularly at 2-year intervals from exposure. We observed significant modifying effects of physical activity and age on the associations of ambient PM 2.5 exposure with changes in FBG and LDL-C levels. It was showed weaker associations of PM with elevations in FBG and LDL-C levels among the physically active group. It is well known that physical inactivity increases the risk of many non-communicable diseases including cardiovascular diseases and type 2 diabetes with strong evidence, potentially leading to stiffening of the arteries [39, 40] . Regular physical exercise reduces overall cardiometabolic risk, although some physiological reactions to exercise over a few hours or days may transiently cause a greater degree of PM deposition within the lungs by rapid and deep inhalation [41, 42] . Therefore, our findings highlight the potential protective effects of regular physical activity against the development of diabetes and dyslipidaemia in association with exposure to fine PM. Regular exercise appears to help attenuate the harmful cardiometabolic effects in association with ambient PM air pollution, according to the data. We also found that the associations of ambient PM 2.5 exposure with changes in FBG and LDL-C levels were more pronounced among individuals aged ≥60 years in this study. This finding validates that the elderly population may be more vulnerable to the harmful effects of air pollution, particularly PM 2.5 exposure, given the evidence that susceptible groups with chronic diseases or the elderly had a higher risk of air pollution-related detrimental health effects than others [36, 43, 44] .
Our study indicated discrepancies in the significance of associations between fine PM and alterations in FBG and lipid profiles according to their baseline laboratory values among sub-groups. It was found that the group with a normal range of FBG or LDL-C had a stronger correlation with concentrations of PM 2.5 exposure than the groups with higher concentrations of FBG or LDL-C. This may be explained by the latent poor metabolic conditions with uncollected medication histories as potential confounding factors in the groups with abnormal laboratory values. The results from sub-groups according to CCI scores were consistent and support the sensitivity of the findings in this study.
Although the study remains reliable, a few limitations should be considered. Assessments of exposure to air pollutants were conducted using data from residential area-specific monitoring sites, which were the nearest stations from individual addresses available at the district level, although the area specific monitoring sites are reliable because the characteristics of the Korean Peninsula near areas may have varying PM data. In addition, we identified and matched the nearest monitoring site to each residence based on baseline records. Thus, the 
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Note: Models were adjusted for age, sex, income level, smoking status, alcohol consumption status, BMI physical activity, and CCI score. PM 2.5 , particulate matter with aerodynamic diameter ≤ 2.5 μm; n, number, SD standard deviation, BMI body mass index, BP blood pressure, FBG fasting blood glucose, LDL-C low-density lipoprotein cholesterol, CCI Charlson comorbidity index, P inter , P value for the interaction terms a Participants were divided into active or inactive group based on the total minutes of each level of physical activities. Active group was specified as performing for ≥30 min in a day at least 5 days a week in moderate activities, or for ≥20 min in a day at least 3 days a week in vigorous activities analyses were conducted under the assumption that the proportion of participants who had different addresses from baseline over the study period was negligible. It is recommended that in future studies, long-term exposure should be measured with fine-scale address data, considering changes in participants' residences over the study period. We calculated and used the levels of PM 10-2.5 by subtracting PM 2.5 from PM 10 to compare the effects of fine PM with those of coarse particles due to the unavailability of measured data on PM 10-2.5 using monitoring systems [45] . This estimation may induce a larger random error in measurements, but it would be unlikely to affect the statistical power for evaluating the PM 10-25 effects with exposure estimates of individuals on a large scale of samples. Although we adjusted for several potential confounders, the possibility of other confounders from unmeasured variables cannot be completely ruled out, and the observed associations were likely to have been affected in part by residual confounding factors. Furthermore, the information on medication use was uncollectable due to privacy reasons, and it might have resulted in under-or over-estimation. These confounders need to be addressed to verify these results in further studies. Due to the characteristics of selfreported values in a few of our data, there may be possible response bias. We cannot conclude a direct relationship between ambient PM exposure and laboratory changes, as our study included an observational retrospective design. Thus, we cannot determine whether PM exposure actually affects changes in laboratory values. However, this concern might be mitigated by our large sample size, increasing the statistical power. Health effects of PM exposure may occur across various time periods over the lifetime. Thus, there may be a critical exposure period that results in particularly large health effects of PM, which is an important consideration for future studies. Despite these limitations, to the best of our knowledge, this is the first study to evaluate the associations of each level of exposure to ambient PM 10-2.5 and PM 2.5 with mean changes in an individual's laboratory cardiometabolic risks, including fasting glucose and lipid profiles, at 2-year intervals using nationwide cohort data obtained from a large representative Korean population. Few studies have evaluated the effects of size-specific PM on changes in laboratory values, as well as their mechanisms and management. Thus, more studies are needed to identify or prevent this avoidable risk factor.
Conclusions
In conclusion, this study verifies that higher levels of ambient fine PM exposure were associated with elevated FBG and LDL-C levels in Korean adults. Our findings can help to explain the increased risk of cardiovascular disease and diabetes in areas with higher levels of air pollution and the stronger adverse effects of fine PM on human health than coarse PM. This study highlights the importance of consideration of the size-specific PMrelated health effects and public policies targeted at vulnerable groups, including older or physically inactive individuals, to reduce PM-associated harmful effects. 
